ecent scientific advances have demonstrated the existence of extensive RNA-based regulatory networks involved in orchestrating nearly every cellular process in health and various disease states. This previously hidden layer of functional RNAs is derived largely from non-protein-coding DNA sequences that constitute more than 98% of the genome in humans. These non-protein-coding RNAs (ncRNAs) include subclasses that are well known, such as transfer RNAs and ribosomal RNAs, as well as those that have more recently been characterized, such as microRNAs, small nucleolar RNAs, and long ncRNAs. In this review, we examine the role of these novel ncRNAs in the nervous system and highlight emerging evidence that implicates RNAbased networks in the molecular pathogenesis of stroke. We also describe RNA editing, a related epigenetic mechanism that is partly responsible for generating the exquisite degrees of environmental responsiveness and molecular diversity that characterize ncRNAs. In addition, we discuss the development of future therapeutic strategies for locus-specific and genome-wide regulation of genes and functional gene networks through the modulation of RNA transcription, posttranscriptional RNA processing (eg, RNA modifications, quality control, intracellular trafficking, and local and longdistance intercellular transport), and RNA translation. These novel approaches for neural cell-and tissue-selective reprogramming of epigenetic regulatory mechanisms are likely to promote more effective neuroprotective and neural regenerative responses for safeguarding and even restoring central nervous system function.
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Arch Neurol. 2010; 67(12) : [1435] [1436] [1437] [1438] [1439] [1440] [1441] Mutations in mitochondrial DNA are responsible for a spectrum of mitochondrial encephalomyopathies, including mitochondrial encephalopathy with lactic acidosis and strokelike episodes. 1 Although the DNA sequences that harbor these mutations generally do not code for proteins, many of them encode transfer (tRNAs) and ribosomal RNAs (rRNAs). The array of clinical symptoms seen in mitochondrial disorders highlights the functional importance of non-protein-coding RNAs (ncRNAs) such as tRNAs and rRNAs that are transcribed from non-protein-coding DNA sequences. In fact, the pathogenesis of a spectrum of neurodevelopmental, neurodegenerative, and neuropsychiatric diseases is increasingly being associated with mutations of ncRNAs (Table) . 2 The proportion of non-protein-coding DNA in the genomes of higher organisms increases dramatically as a function of developmental complexity and constitutes more than 98% of the human genome. Recent studies have established that these non-protein-coding DNA sequences are pervasively transcribed, forming numerous species of ncRNAs. 3 Characterization of these ncRNAs has demonstrated the existence of extensive RNA-based networks that are involved in orchestrating nearly every cellular process. 4 These epigenetic networks also modulate mechanisms impli-cated in mediating neural injury such as excitotoxicity, oxidative stress, inflammation, and apoptosis. These diverse functions are transacted by the distinct temporal and spatial expression and function of specific ncRNAs, including those from well-known subclasses such as tRNAs and rRNAs, as well as those from recently characterized subclasses such as microRNAs (miRNAs), small nucleolar RNAs, and long ncRNAs (lncRNAs; ie, longer than 200 nucleotides). These ncRNAs form regulatory and functional networks with a broad range of effects on DNA methylation, chromatin architecture, transcriptional regulation, alternative splicing and other forms of posttranscriptional RNA processing (eg, RNA modifications, quality control, and transport), and translation. 5 Non-coding RNA transcription is most active in the central nervous system (CNS), where RNA-based networks regulate a broad range of neural developmental and adult homeostatic and plasticity programs with exquisite degrees of environmental responsiveness. 2, [6] [7] [8] Molecules of RNA are thought to more efficiently couple bioenergetic requirements with information storage and processing compared with DNA or protein. Therefore, the advent of RNAbased networks is thought to be responsible for fueling the explosive evolutionary innovations that characterize human brain form and function. [4] [5] [6] 8, 9 The brain is a conspicuous consumer of energy resources, and a major consequence of cerebral ischemia is the disruption of energy metabolism and exhaustion of adenosine triphosphate. 10 Because RNA can rapidly be activated, modified, transported, and degraded, it serves as a highly flexible, highfidelity, information encoding and functional molecule. The ability of RNA molecules to dynamically store, transform, and transmit both "digital" and "analog" information is a key feature of RNA-based systems. 4, 5, 11 Conventional Watson and Crick base pairing represents digital information that uses energetically favored molecular conformations to determine canonical nucleotide hybridization rules. In addition to this digital information, RNA molecules also encode analog data captured by secondary and tertiary RNA structures, which are important for mediating interactions between RNA and protein molecules. This analog information is highly sensitive to the cellular microenvironment, which can dynamically modify the flexible structure and charge characteristics of RNA molecules influencing the geometry, stability, and stereochemistry of RNA-protein interactions. Thus, RNA can integrate both the digital lexicon of DNA and the analog language of proteins and dynamically participate with DNA and protein molecules in performing cellular activities.
RNA-BASED EPIGENETIC MECHANISMS IMPLICATED IN STROKE ncRNAs and RNA Regulatory Networks
MicroRNAs represent the best-characterized subclass of ncRNAs. MicroRNAs regulate developmental and homeostatic gene expression programs in a highly environmentally responsive manner and are implicated in neural differentiation, maintenance, and plasticity. 12 MicroRNAs are first transcribed as longer primary miRNA transcripts that can have multiple functional miRNAs embedded within a single transcript. These primary miRNAs are processed to form mature molecules of approximately 22 nucleotides that regulate the expression of large numbers of target genes through sequence-specific interactions with messenger RNA (mRNA) molecules. MicroRNAs bind to the 3Ј regulatory regions and to particular coding regions of their cognate mRNAs, leading to sequestration for storage or degradation and to translational repression. Cerebral ischemia in animal models is associated with highly selective and temporally regulated profiles of miRNAs in the postischemic brain. 13, 14 Differential expression of miRNAs in the postischemic brain correlates with differential expression of their Disruption of gene encoding an RNA-editing enzyme in Drosophila species results in very prolonged recovery time from anoxic stupor, vulnerability to heat shock, and increased oxygen demands Promote genomic diversity and plasticity in highly environmentally responsive manner
One of the substrates for APOBEC enzymes is the APOB mRNA, which encodes an apolipoprotein found in chylomicrons and LDLs May also allow transmission of productive alterations back into neural genome Genetic variants of APOBEC1 and APOBEC2 are associated with high levels of serum LDL and increased atherosclerosis Abbreviations: ADARs, adenosine deaminases that act on RNA; APOB, apolipoprotein B; APOBECs, APOB-editing catalytic subunits; CNS, central nervous system; LDLs, low-density lipoproteins; lncRNAs, long ncRNAs; MELAS, mitochondrial encephalopathy with lactic acidosis and strokelike episodes; miRNAs, microRNAs; mRNA, messenger RNA; ncRNAs, non-protein-coding RNAs; rRNAs, ribosomal RNAs; snoRNAs, small nucleolar RNAs; SNP, single-nucleotide polymorphism; tRNAs, transfer RNAs.
target mRNAs, including many implicated in transcriptional regulation, ionic flux, inflammation, and other stress responses. These results suggest that miRNA networks regulate a spectrum of processes in the postischemic brain. MicroRNA-140 is one of the miRNAs that was rapidly upregulated in the brain 3 hours after middle cerebral artery occlusion and sustained for 72 hours. One of the validated target mRNAs for miRNA-140 encodes stromal cellderived factor 1, which plays an important role in the CNS by mediating neural progenitor cell proliferation and migration and tissue repair after cerebral ischemia. 15 This observation suggests that miRNA-140 may be responsible, in part, for mitigating the regenerative response in the postischemic brain. Furthermore, some miRNAs that are highly differentially expressed in brain tissue can similarly be detected in peripheral blood, 13 suggesting not only that these may serve as novel clinical biomarkers but also that these miRNAs may be involved in mediating systemic responses to cerebral ischemia.
Long ncRNAs represent another important and emerging subclass of ncRNAs that may also play a role in stroke. Long ncRNAs have roles in local and long-range chromatin remodeling, transcriptional regulation, and alternative splicing and other forms of posttranscriptional RNA processing. 16 They are implicated in the development of axonal and dendritic connections and synaptic modulation associated with neural network plasticity. Long ncRNAs may also participate in the generation of the longterm potentiation that underlies learning and memory. 9 An lncRNA can bind to the cyclin D1 gene, a critical mediator of ischemic neuronal cell death, 17 and recruit the TLS (translocated in sarcoma) RNA-binding protein that represses transcription of the gene.
18 ANRIL (NCBI Entrez Gene 100048912) is an lncRNA with an unknown function that is associated with the development of atherosclerosis, diabetes, and aneurysms, possibly through effects on vascular smooth-muscle proliferation and migration. [19] [20] [21] [22] [23] [24] [25] GOMAFU (NCBI Entrez Gene 440823) is another lncRNA that is expressed in the nucleus of developing neural cells. 26 Although the function of GOMAFU is unknown, a case-control association study identified a singlenucleotide polymorphism associated with the GOMAFU locus as a susceptibility factor for cardiovascular disease. 27 In addition to miRNAs and lncRNAs, other ncRNA transcripts, such as those resembling the virus-like 30 family of interspersed, repeated, mobile genetic elements (ie, retrotransposons), are also increased in mouse brain after cerebral ischemia. 28 These virus-like 30 ncRNAs are induced by ischemia and paradoxically bound to polyribosomes, although they are not translated. The distribution of these virus 30-like ncRNAs in ribosomal fractions is distinct from the distribution of mRNAs that are translated or translationally repressed and suggests a novel structural or catalytic role for these ncRNAs. Together, these observations imply that the expression and function of several newly identified subclasses of ncRNAs may be associated with the pathogenesis of stroke.
RNA Editing and DNA Recoding
Intimately linked with ncRNA expression is another epigenetic process, RNA editing, a mechanism for altering nucleotides in RNA molecules that allows the generation of significant diversity of transcripts in a highly environmental-responsive manner. 8 Abnormalities in RNA editing have been implicated in a spectrum of CNS disorders, including stroke and neuropsychiatric and neurodegenerative diseases. 8 Disruption of the gene encoding an RNA-editing enzyme in Drosophila melanogaster results in flies that have a very prolonged recovery time from anoxic stupor, a vulnerability to heat shock, and increased oxygen demands. 29 Furthermore, in transient global cerebral ischemia models, the death of hippocampal CA1 pyramidal neurons is mediated by selective downregulation of an RNA-editing enzyme leading to defective editing of the ionotropic glutamatergic ␣-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid GluR2 receptor subunit, which influences the vulnerability of hippocampal CA1 pyramidal neurons to ischemia-associated cell death. 30, 31 By alteration of RNA nucleotides, not only does editing have the capacity to change amino acids and modulate splice-site choice in protein-coding transcripts, but it also has roles in ncRNA-related processes such as miRNA localization, target diversification, and function. 32 Although RNA editing was initially studied in proteincoding transcripts, computational analyses have established that editing occurs far more frequently than previously appreciated, with most of the editing occurring in ncRNA transcripts and in untranslated regions of protein-coding transcripts. [33] [34] [35] Editing of adenosine to inosine in RNA is catalyzed by a family of enzymes called adenosine deaminases that act on RNA (ADARs). These enzymes are highly active in the brain and target transcripts encoding factors involved in a broad array of neuronal processes, such as voltage-gated ion channels, ligand-gated receptors, signal transduction molecules, and apoptosis and cell-cycle regulatory proteins. 8 The ADARs are differentially expressed during development, with ADAR3 restricted to brain and ADAR1 and ADAR2 preferentially expressed in the nervous system. Editing of RNA also exhibits CNS regional specificity and essential regulatory roles during neuronal maturation. Mutations in ADARs cause complex behavioral defects in Caenorhabditis elegans, D melanogaster, and mice. 8 The complexity of epigenetic regulatory networks is enhanced by RNA editing, which can affect miRNA biogenesis, processing, and stability and alter mRNAs that are targeted by miRNAs. 36, 37 MicroRNA regulatory network dynamics mediated by RNA editing may be implicated in stroke. For example, miRNA-151 is found in neurons and upregulated after middle cerebral artery occlusion, and the immature form of miRNA-151 (primary miRNA-151) is subject to RNA editing that influences processing of the primary miRNA into mature miRNA within the CNS. 38 Intriguingly, miRNA-151 is thought to target various cellcycle regulators as well as protein tyrosine kinase 2 (focal adhesion kinase), a nonreceptor tyrosine kinase involved in integrin and growth factor signaling pathways that is differentially regulated after middle cerebral artery occlusion and implicated in modulating neurite outgrowth, neuronal plasticity, and restoration of neural network integrity within the ischemic penumbra. [39] [40] [41] These observations imply that multiple layers of interleaved epigenetic con-(REPRINTED) ARCH NEUROL / VOL 67 (NO. 12), DEC 2010 WWW.ARCHNEUROL.COMtrols that include RNA editing and miRNA regulatory networks are involved in stroke (Figure) . In addition to the ADARs, the apolipoprotein B (ApoB)-editing catalytic subunit (APOBEC) family of RNA editing and DNA recoding enzymes may also play a role in stroke. These enzymes are cytidine deaminases that edit (deoxy)cytidine to (deoxy)uridine and act on RNA and DNA molecules. 42 One of the substrates for these enzymes is APOB (NCBI Entrez Gene 338) mRNA, which encodes an important apolipoprotein found in chylomicrons and low-density lipoproteins. Mutations of the APOB gene and its regulatory region cause dyslipidemias (eg, hypobetalipoproteinemia and hypercholesterolemia), and genetic variants of APOBEC1 and APOBEC2 are associated with high levels of serum low-density lipoproteins and increased atherosclerosis. 43 The APOBECs may affect stroke risk through effects on APOB mRNA editing; however, APOBECs may play additional roles within the brain. APOBEC-mediated DNA recoding protects the stability of the genome and also enhances its diversity and plasticity. 42 Although these functions have largely been characterized within the immune system, it is intriguing that the APOBEC3 enzyme subfamily has significantly expanded in primates and that certain members (ie, APOBEC3G) are expressed in postmitotic neurons. 44 Furthermore, accumulating evidence suggests that RNA editing and DNA recoding may be functionally linked through specific classes of reverse transcriptases within the CNS that can mediate RNA-directed DNA modifications. 6 Also, like the immune system, the CNS exhibits exquisite degrees of functional plasticity by modulating cell identity and connectivity. Because of these observations, we have previously suggested that DNA recoding in the brain might represent a novel mechanism for transmitting productive RNA editing events back into the postmitotic neuronal genome. 6 This suggests a possible evolutionary mechanism to account for the multigenerational inheritance of complex cognitive and behavioral traits and risk profiles for stroke in response to both productive and adverse environmental events.
THE ERA OF EPIGENOMIC MEDICINE
For treatment of stroke, RNA-based therapies and additional epigenetic strategies are extremely promising. Indeed, approaches for gene silencing that use short regulatory ncRNAs, including miRNAs and related short interfering RNAs (RNA interference) have already been used to identify new molecular targets for treating stroke, such as Bcl-2 and 19-kDa interacting protein 3 45 and carboxyterminal modulator protein 46 ; however, RNA interference-based gene silencing for treating stroke has yet to advance beyond preliminary studies. Therapeutic approaches using other customized oligonucleotides are also being developed for modulation of endogenous RNA transcripts. For example, novel antisense oligonucleotides have now been constructed with the capacity to repair and reprogram aberrant disease-associated RNAs. The mechanism of action of these agents includes alteration of premRNA processing (eg, alternative splicing) and promotion of transsplicing, which results in the creation of a composite mRNA from 2 separate pre-mRNAs. 47 Although RNA-based approaches such as these are still in their infancy, they offer the potential for dynamic and highly selective reprogramming of gene expression and function.
Because of their unique properties, functional RNA molecules may be ideal candidates for a number of future therapeutic strategies. For example, through sequence-specific digital interactions with DNA, RNA-based therapeutic molecules may serve as guideposts for a certain genomic sequence. Through analog interactions with proteins, RNAs may also act as molecular beacons for recruitment of DNA methylation and histone-modifying enzyme complexes to a given genomic locus. Thus, multifunctional RNA molecules with binding domains for DNA and for these enzyme complexes may be used for targeting epigenetic modifications to a single gene locus or to multiple gene loci that harbor a shared genomic sequence. Furthermore, because RNA molecules can interact with DNA, RNAs, proteins, and small molecules, RNA-based therapeutics may also provide the flexibility and specificity necessary to selectively manipulate intricate profiles of gene transcription, posttranscriptional RNA processing, and translation by targeting epigenetic effectors such as nucleosome-and chromatin-remodeling complexes, multiple ncRNAs (eg, miRNAs and lncRNAs), and RNA editing and DNA recoding enzymes. Although these approaches have yet to be validated, the evolution of CNS drug delivery methods and rapid advances in RNA-based therapeutics, including the advent of RNA aptamers (RNA molecules engineered to bind with high affinity to specific molecular targets such as small molecules, proteins, and nucleic acids), suggest that such strategies are now possible. 48 Future therapies may also be designed to target factors that serve as key modulators of CNS-specific epigenetic events and thereby promote neural cell-and tissueselective epigenetic reprogramming. For example, these strategies may use novel agents that activate or inhibit special AT-rich sequence-binding protein 2 (SATB2), the repressor element-1 silencing transcription factor/neuronrestrictive silencing factor (REST/NRSF), and the corepressor for element-1-silencing transcription factor (CoREST). As an environmentally sensitive regulator of neuronal cell fate decisions during development, 49 SATB2 modulates neuronal gene expression by promoting coordinate regulation of multiple genes on different chromosomes involved in functionally integrated gene networks. These molecular processes involve dynamic reorganization of the nuclear architecture to allow a seamless link between transcriptional and posttranscriptional processing events and associated RNA quality control mechanisms. SATB2 is also associated with a regulatory lncRNA that is coexpressed with SATB2. 50 These observations suggest that therapeutic agents targeting SATB2 or its associated lncRNA could lead to dynamic reprogramming of neuronal gene expression and even neural cell identity and patterns of neural connectivity that is essential for neural regeneration. REST and CoREST are critical epigenetic factors that mediate predominantly site-specific gene repression, gene activation, and long-term gene silencing for a large spectrum of genes involved in neural development, homeostasis, and plasticity, including but not limited to those that encode growth factors, axon guidance cues, ion channels, neurotransmitter receptors, synaptic vesicle proteins, components of the cytoskeleton, and elements of the extracellular matrix. 51 In addition, REST and CoREST modulate the expression of several classes of ncRNAs, including miRNAs and lncRNAs. These molecules act as dynamic modular platforms for the recruitment of a broad array of epigenetic factors to neural gene loci in which they orchestrate site-specific and genome-wide chromatin remodeling. One of the molecular mechanisms that underlie cell death after transient global ischemia is RESTdependent repression of the GluR2 subunit and µ opioid receptor 1. 52, 53 REST also regulates the expression of a significant number of the miRNAs that are differentially expressed after cerebral ischemia.
14 These observations suggest that therapeutic targeting of REST and CoREST may have significant effects on highly integrated epigenetic regulatory mechanisms that could promote reprogramming of neural cells to enhance neural regeneration in stroke by recapitulating developmental events responsible for establishing and remodeling neural cell identity and neural network connectivity.
Additional treatment strategies may also be developed to fine-tune epigenetic mechanisms that mediate RNA modifications and trafficking within cells. Among the more salient molecular targets may be regulatory ncRNAs (eg, (REPRINTED) ARCH NEUROL / VOL 67 (NO. 12), DEC 2010miRNAs and lncRNAs), RNA binding proteins, and cytoskeletal proteins (eg, dyneins and kinesins) that have prominent roles in a diverse array of processes that are under epigenetic regulation, including alternative splicing; editing; nuclear export; stabilization; temporal, spatial, and activity-dependent localization; and translation of RNAs. For example, rationally designed small molecules that bind to miRNAs and modulate their activity are now under earlystage development, and these agents may specifically be designed to target miRNAs that are deregulated in stroke. 54 Furthermore, novel therapies may act by selectively influencing the composition of complexes that carry mRNAs, ncRNAs, proteins, and other functionally related factors. These structures, referred to as RNA operons, play key roles in axodendritic transport and mediate local mRNA translation and synaptic plasticity. 55 Higher-order regulatory mechanisms coordinate the dynamics of interrelated RNA operons by modulating their individual components, the kinetics of anterograde and retrograde axodendritic transport and activity-dependent deployment and function of neuronal RNAs. These mechanisms are termed RNA regulons. In postischemic neurons, vulnerability to cell death is associated with pathological alterations in RNA operon and regulon dynamics and stress responses that lead to translational arrest. 56 These observations imply that manipulating RNA posttranscriptional processing may be useful in postischemic neurons to promote cellular reprogramming and to selectively activate responses that favor neuronal survival and the maintenance of neural network integrity. Furthermore, RNA operons and regulons are implicated in bidirectional axodendritic transport responsible for relaying RNA editing events from the synapse to the nucleus for DNA recoding within postmitotic neurons. Because these processes are implicated in multigenerational inheritance, therapeutic interventions targeting RNA editing events and associated recoding of the neuronal genome may be implemented to directly alter stroke risk even in future generations.
Epigenetic mechanisms are also involved in regulating cell-cell communication, including the active transport of RNAs between adjacent nerve cells through multiple signaling pathways, to more distant sites within the same tissue, to other organ systems through blood-borne routes, and even back to the germline; these processes may represent novel targets for future therapeutic initiatives. 11 Specific transmembrane proteins required for the systemic spread of RNA interference are expressed in the adult brain preferentially in areas associated with learning and memory. 11, 57 Moreover, microvesicles (ie, exosomes) containing mRNAs and ncRNAs are produced by neural cells and secreted locally and into the peripheral circulation. 58 These microvesicles may be responsible for cell-cell communication through local and more longdistance intercellular RNA transfer because they express cell recognition molecules on their surfaces for selective targeting and uptake into recipient cells, in which mRNAs may be translated and ncRNAs may exert their regulatory effects. Modulation of microvesicle composition and transport pathways may serve as novel targets for regulating anterograde and retrograde signaling across synapses, reinforcing local and long-range neural network connectivity, and signaling to other organ systems (ie, the immune system) that may play seminal roles in the pathogenesis and evolution of stroke syndromes and associated comorbidities.
As epigenetic processes begin to reveal the many previously hidden layers of functional information embedded within the genome, many future strategies can be envisioned that exploit these processes to develop novel therapies. In fact, the epigenome provides multiple layers of contextual controls that are intricately interlaced and potentially modifiable, and a single epigenetic intervention may even have a cascade of effects on many interrelated processes, including those that may be important for circumventing the pathogenesis and sequelae of stroke. For example, the DNA double helix itself has the potential to form alternative structural conformations with unique epigenetic properties that can be harnessed for the treatment of stroke. Indeed, when the neuroprotective cytokine, colony-stimulating factor 1, is activated by the BRG1 chromatin-remodeling enzyme, a left-handed DNA stereoisomer referred to as a Z-DNA structure can be found in the region actively being transcribed. 59 The formation of Z-DNA stereoisomers can, in turn, modulate a range of processes responsible for fine-tuning transcriptional events, regulating chromatin architecture, and promoting specific forms of RNA editing. 60 Thus, understanding complex epigenetic mechanisms and their complementary roles in mediating CNS functions, both in health and in disease, is important for developing next-generation technologies to dynamically reprogram neural cells for treatment of complex neurological disease states, including stroke.
